c Streptococcus pneumoniae is a common nasopharyngeal resident in healthy people but, at the same time, one of the major causes of infectious diseases such as pneumonia, meningitis, and sepsis. The shift from commensal to pathogen and its interaction with host cells are poorly understood. One of the major limitations for research on pneumococcal-host interactions is the lack of suitable tools for live-cell imaging. To address this issue, we developed a generally applicable strategy to create genetically stable, highly fluorescent bacteria. Our strategy relies on fusing superfolder green fluorescent protein (GFP) or a far-red fluorescent protein (RFP) to the abundant histone-like protein HlpA. Due to efficient translation and limited cellular diffusion of these fusions, the cells are 25-fold brighter than those of the currently best available imaging S. pneumoniae strain. These novel bright pneumococcal strains are fully virulent, and the GFP reporter can be used for in situ imaging in mouse tissue. We used our reporter strains to study the effect of the polysaccharide capsule, a major pneumococcal virulence factor, on different stages of infection. By dual-color live-cell imaging experiments, we show that unencapsulated pneumococci adhere significantly better to human lung epithelial cells than encapsulated strains, in line with previous data obtained by classical approaches. We also confirm with live-cell imaging that the capsule protects pneumococci from neutrophil phagocytosis, demonstrating the versatility and usability of our reporters. The described imaging tools will pave the way for live-cell imaging of pneumococcal infection and help further understanding of the mechanisms of pneumococcal pathogenesis.
S
treptococcus pneumoniae is a major cause of morbidity and mortality worldwide, and pneumococcal infections (e.g., pneumonia, septicemia, and meningitis) kill more than 1 million people every year (1) . Pneumococci are also quiescent colonizers of the upper respiratory tract, particularly in children, but little is known about the mechanisms underlying the transition from commensal to pathogen. It is therefore of crucial importance to understand the entire pneumococcal pathogenesis cycle in detail.
The polysaccharide capsule covering the cell surface is the most central virulence factor of S. pneumoniae. The involvement of the capsule in pneumococcal pathogenesis has been appreciated since Griffith in 1928 (2) published his famous transformation experiment with rough and smooth strains of S. pneumoniae. Today, it is known that the bulky capsule, which is either negatively charged or neutral, contributes to pathogenesis by protecting pneumococci against the human immune system. For example, the capsule hinders phagocytosis and inhibits complement activity (3) (4) (5) (6) . Over 90 different pneumococcal serotypes have been identified to date (7) , and the different serotypes vary in how well they protect the bacteria against phagocytosis (6) . Furthermore, the amount of capsule differs between bacteria, and it has been shown, for example, that strains with thinner capsule adhere better than strains with thick capsule during the initial nasopharyngeal colonization (8) . While the capsule is an important virulence factor, molecular epidemiology studies have also shown that nontypeable (unencapsulated) strains are abundant within human populations and act as "hubs" for recombination between pneumococci, driving antibiotic resistance and serotype switching (9) . Direct observations of encapsulated and unencapsulated pneumococci in live host-pathogen assays are lacking, and it thus remains unclear how much the capsule contributes to the virulence cycle.
Most of the knowledge concerning pneumococcal interactions with host cells and host tissue we have today has been obtained in vitro by biochemical or immunological assays and in vivo by traditional postinfection plating and CFU counts, as well as by electron microscopy of fixed samples of clinical isolates of S. pneumoniae. To further extend our knowledge about pneumococcal pathogenicity, the key method would be the possibility of imaging interactions between bacteria and host cells in real time. Such a technique will provide understanding of the localization and dynamics of S. pneumoniae during the course of infection and in that manner unravel factors important for the infection process. It will also open up the possibilities to study the role of the capsule in isogenic pneumococci during host attachment and immune evasion. Imaging of bacteria interacting with host cells and host tissue requires labeling to discriminate the bacteria from other cells and the surroundings. In vivo imaging of S. pneumoniae is typically done today using immunofluorescence, where antibodies bound to fluorescent dyes are used to target S. pneumoniae (10, 11) , or by live/dead staining (12) . However, these techniques do not permit imaging of live cells. Alternatively, bacteria can be stained in vitro prior to the experiment using membrane-permeable fluorescent dyes (13) (14) (15) . This permits live-cell imaging, but the method is limited by the potential toxicity of the dyes and dilution of the fluorescent signal over time due to either secretion or cell division. A better solution for live imaging is therefore to use strains that express fluorescence or bioluminescence. In vivo imaging with bioluminescent luciferase (lux) reporters has been used to follow the course of infection of S. pneumoniae in mice (16) (17) (18) (19) . This is a powerful strategy that allows monitoring of the infection in real time using in vivo imaging systems (IVIS). One of the limitations using this approach is that rather high concentrations of bacteria are required for detection, and single-cell detection is not possible (20) . Another important aspect is that luciferase signals, which depend on the expression of five genes (luxCDABE), are emitted only from metabolically active cells. This may be an advantage since only living cells are detected; on the other hand, lux reporters cannot thus be detected after fixation and embedding of animal tissues. The method of choice would therefore be to have strains expressing fluorescent proteins, yet there are only very few examples of such imaging of S. pneumoniae published. These examples include the work of Kadioglu et al. (21) , who studied pneumococcal invasion of bronco-epithelial cells in mice, and Ribes et al. (22) , who imaged pneumococcal interactions with murine microglial cells. In both of these cases, the S. pneumoniae strains contained a green fluorescent protein (GFP) expressed from a multicopy plasmid. The likely reason for limited use of these strains is the lack of a homogenous and sufficiently bright fluorescent signal being emitted from the pneumococcal cells.
Here, we present bright fluorescent and genetically stable strains of S. pneumoniae constructed using a generally applicable strategy. We show that these fluorescent strains are fully virulent in a mouse model and that they are highly suitable for live imaging of bacterium-host cell interactions. By comparing a wild-type encapsulated strain with an unencapsulated mutant, we show that the polysaccharide capsule protects pneumococci against human neutrophils, but at the same time we show that the encapsulated strain is less efficient in adhering to human epithelial cells. This provides further evidence for the role of the capsule in pneumococcal infection and confirms that, in vivo, capsule production and display must be tightly controlled to provide successful colonization of S. pneumoniae within the human body.
MATERIALS AND METHODS
Bacterial growth conditions and transformation. S. pneumoniae was grown in liquid casein-based medium with yeast extract (CϩY medium) (23) at 37°C and plated in Columbia agar (Oxoid, Basingstoke, United Kingdom) supplemented with 2% (vol/vol) defibrinated sheep blood (Johnny Rottier, Kloosterzade, The Netherlands). For selection, 4.5 g/ml chloramphenicol or 250 g/ml kanamycin was added to the plates. Strains and oligonucleotides are listed in Tables 1 and 2, respectively. For transformation, S. pneumoniae was grown in CϩY medium (pH 6.8) at 37°C until the optical density at 600 nm (OD 600 ) reached 0.1; then 100 ng/ml synthetic competence-stimulating peptide 1 (CSP-1) was added, and cells were incubated for 12 min at 37°C to activate the transformation machinery. DNA was added to the activated cells, and a 20-min incubation at 30°C followed. Cells were subsequently diluted 10 times in fresh CϩY medium and incubated for 1.5 h at 37°C. Transformants were selected by plating in Columbia blood agar containing the appropriate antibiotics.
Growth curves were monitored using 96-wells plates in a Tecan Infinite 200 PRO microtiter plate reader essentially as described before (24) .
Construction of bacterial strains. (i) JWV500 (P hlpA -hlpA-gfp_Cam r ). JWV500 (P hlpA -hlpA-gfp_Cam r ) (in the genotype, the hyphen indicates a translational fusion, whereas the underscore indicates a transcriptional fusion) expresses the histone-like protein HlpA with a superfolder fused to its C-terminal end from the hlpA locus (Fig. 1A) . A domain-breaking linker (RGSGGEAAAKAGTS) was inserted between HlpA and superfolder GFP (sfGFP) to give structural flexibility (25) . A fragment containing a chloramphenicol resistance gene (cat) was amplified from genomic DNA of strain sPG6 (26) with primers cam-FϩBamHIϩSpeI and camRϩBlpI and ligated into the SpeI and BlpI sites of plasmid pKB01 harboring the sfgfp from Bacillus subtilis [pKB01_sfgfp(Bs)] (27) to obtain plasmid pJWV503 with cat located downstream of sfgfp(Bs). The sfgfp(Bs)-cat fragment was then amplified from pJWV503 using primers GFP_DSM-linkFϩBamHI (linker sequence introduced in this primer) and sPG12-cam-R. hlpA and the upstream region (hlpA-up) were amplified from genomic DNA of S. pneumoniae D39 using primers hlpA-up-F and hlpAup-RϩBamHI. The region downstream of hlpA (hlpA-down) was amplified from genomic DNA of D39 using primers hlpA-down-FϩNotI and (ii) MK119 (P hlpA -hlpA_hlpA-rfp_Cam r ). Construction of strain MK119 is described elsewhere (28) . This strain contains the gene hlpA fused to the far-red fluorescent protein (RFP) mKate2 (hlpA-mKate2; here called hlpA-rfp) and a chloramphenicol resistance gene immediately downstream of the native hlpA gene. The same ribosomal binding site is present upstream of both versions of hlpA.
(iii) MK127 (P hlpA -hlpA-gfp_Cam r ⌬cps2E::Kan r ) and MK128 (P hlpA -hlpA_hlpA-rfp_Cam r ⌬cps2E::Kan r ). The strains MK127 and MK128, containing a deletion mutation in the capsule locus, were made by transforming the strains JWV500 and MK119, respectively, with a PCR product causing replacement of the gene cps2E (encoding a glucose phosphotransferase which initiates capsule synthesis) with a kanamycin resistance gene (M. G. Jørgensen and J.-W. Veening, unpublished data). This deletion is similar to a deletion that was described previously by RamosMontañez et al. (29) .
(iv) MK147 (P hlpA -hlpA_gfp). In strain MK147, sfgfp(Bs)was inserted downstream of hlpA on the same transcriptional unit. The sequence upstream of sfgfp(Bs) (including the ribosomal binding site) is identical to the upstream sequence of hlpA. The hlpA gene and its upstream region were amplified from genomic DNA of S. pneumoniae D39 using primers hlpA-up-F and hlpA-R-SphI. Furthermore, sfgfp(Bs), cat, and the region downstream of hlpA were amplified from genomic DNA of strain JWV500 using primers gfp(dsm)_F_rbshlpA_SphI and hlpA-down-R. The two fragments were digested with SphI, ligated, and transformed into S. pneumoniae D39. Transformants were selected on Columbia blood agar with chloramphenicol. Correct transformants were verified by PCR and sequencing.
Microscopy of pneumococcal cells. (i) Epifluorescence microscopy. Epifluorescence microscopy of pneumococcal cells was performed as described previously (28) . Briefly, S. pneumoniae was grown to exponential phase (OD 600 of 0.15) and spotted onto agarose slides. Microscopy was performed using a DV Elite microscope (Applied Precision, USA) with Solid-State Illumination (Applied Precision) using a scientific complementary metal-oxide-semiconductor (sCMOS) camera with a 100ϫ oil immersion objective. To visualize red fluorescence, an mCherry filter set with 562-to 588-nm excitation and 602-to 648-nm emission wavelengths was used with a quad polychroic mirror (mCherry, 580 to 630 nm). To visualize GFP fluorescence, GFP/fluorescein isothiocyanate (FITC) filters with excitation at 461 to 489 nm and emission at 501 to 559 nm was used with a quad polychroic mirror (GFP, 480 to 540 nm). For comparison of GFP signals between strains, images were acquired using Softworx (Applied Precision) with an exposure time of 0.2 s with 50% excitation light. Quantification of fluorescence signals was done using ImageJ (http://rsb .info.nih.gov/ij/). Relative standard deviation was defined as p /ϽpϾ, where ϽpϾ is the mean fluorescence and p is the standard deviation, and was used as a measure of cell-to-cell variability (30) .
(ii) Time-lapse fluorescence microscopy. Time-lapse fluorescence microscopy of S. pneumoniae was performed with a DV Elite microscope (Applied Precision) as described previously (28, 31) . Images were modified for publication using Softworx and ImageJ. Where appropriate, images were deconvolved using Softworx.
(iii) FRAP. S. pneumoniae cells were grown to an OD 600 of 0.2 and immobilized on 1.5% (wt/vol) agarose pads. A fluorescence recovery after photobleaching (FRAP) experiment was performed using a DV Elite microscope (Applied Precision) with a 100ϫ objective equipped with an sCMOS camera and a X4 laser module. The cells were imaged three times before photobleaching and then bleached at 488 nm (50 mW) for 5 ms with 10% laser power. Cells were imaged every second after bleaching with epifluorescence microscopy. Images were analyzed using ImageJ.
Western blotting. Cells were grown in 4-ml cultures and harvested by centrifugation at 8,500 ϫ g for 5 min when the OD 600 reached 0.2. Cells were lysed by resuspending the pellet in 100 l of SEDS lysis buffer (32) containing 0.02% (wt/vol) SDS, 15 mM EDTA, 0.01% (wt/vol) deoxycholate, and 150 mM NaCl, and the cell suspension was incubated at 37°C for 5 min. Proteins from whole-cell extract were separated by SDS-PAGE (12% [wt/vol] polyacrylamide). One gel was stained with Coomassie to verify that similar protein quantities were loaded for each sample. Proteins were then blotted onto a polyvinylidene fluoride (PVDF) membrane, and GFP proteins and GFP fusion proteins were detected using polyclonal anti-GFP from rabbit (Invitrogen, The Netherlands) as the primary antibody and horseradish peroxidase (HRP)-conjugated antirabbit IgG antibody (GE Healthcare, The Netherlands) as the secondary antibody. Protein bands were quantified using ImageLab software (BioRad, USA).
Studies of S. pneumoniae in mouse lung tissue. (i) Ethics statement. All animal experiments were done at the University of Leicester and were conducted in strict accordance with guidelines of the Home Office of the United Kingdom. The University of Leicester Ethical Committee and the Home Office of the United Kingdom approved the protocol. All mice were scored for signs of disease using the method described by Morton and Griffiths (33) . Any mouse that became severely lethargic was culled, in accordance with the Home Office License.
(ii) Mice. Female MF1 mice were purchased from Charles River Laboratories (United Kingdom) and were acclimatized for 1 week prior to use. Mice used for infection experiments were between 9 and 10 weeks of age.
(iii) Infection. For intranasal infection, animals were lightly anesthetized with a mixture of O 2 and 2.5% (vol/vol) isoflurane (Abbott Laboratories, Maidenhead, United Kingdom) and infected intranasally with an inoculum of 1 ϫ 10 6 CFU in 50 l of phosphate-buffered saline (PBS) (34) unless stated otherwise. Mice were regularly monitored for clinical signs of disease (33) and were culled at predetermined time points or if they became severely lethargic. Blood was taken after 24 h from the tail vein for CFU counts.
(iv) Preparation of lung tissue sections. At necropsy, whole lungs were completely immersed in 22-oxacalcitriol (OCT) embedding matrix (CellPath, Powys, United Kingdom) to slowly freeze (21) . Tissue sections (15 m) were cut using a microtome blade (Bright, Huntingdon, United Kingdom). Unstained sections were permanently preserved with a drop of DPX mounting resin (BDH, Poole, United Kingdom) and a coverslip.
(v) Imaging of lung tissue sections. Microscopy of lung tissue sections was performed using a DV Elite microscope (Applied Precision) with an sCMOS camera using Solid-State Illumination (Applied Precision) through a 100ϫ oil immersion objective (phase contrast; 1.30 numerical aperture [NA]). Phase-contrast images and GFP fluorescence images (0.5-s exposure time with 100% excitation light) were acquired as z-stacks (28 slices with 0.2 m between each slice) using Softworx (Applied Precision). Images were modified for publication using Softworx and ImageJ (http://rsb.info.nih.gov/ij/). (ii) Coincubation of S. pneumoniae and the cell line for fluorescence imaging. A coincubation experiment was performed as described by Mlacha et al. (35) with some modifications. A549 cells were plated on eightchamber microscopy slides (-slide; Ibidi, Germany), and the monolayer confluence was confirmed by phase-contrast microscopy. Prior to coincubation, the layer was rinsed twice with phosphate-buffered saline (PBS). S. pneumoniae strains were grown in CϩY medium (pH 6.8) until midlogarithmic phase (OD 600 of ϳ0.2) and then centrifuged and resuspended in RPMI 1640 medium without phenol red (Life Technologies, The Netherlands) but supplemented with 1% (vol/vol) PBS. Prior to mixing unencapsulated and encapsulated strains (1:1), suspensions of S. pneumoniae (JWV500, MK128, MK119, and MK127) were adjusted to the multiplicities of infection (MOI) of 10 (i.e., 10 bacteria for every A549 cell) and then added onto the A549 monolayer. In order to optimize cell interaction, the slides were centrifuged (at 1,400 ϫ g for 5 min) and then incubated at 37°C in 5% (vol/vol) CO 2 for 2 h. To remove nonadhering bacteria, the supernatants were aspirated, and subsequently the slides were washed twice with RPMI 1640 medium supplemented with 1% (vol/vol) FBS.
(iii) Fluorescence imaging. During the process of imaging, the slides were incubated at 37°C under a humidified 5% (vol/vol) CO 2 atmosphere. Imaging was performed on a DV Elite microscope (Applied Precision) with an sCMOS camera using Solid-State Illumination (Applied Precision) through a 60ϫ oil immersion objective (bright field; 1.42 NA; working distance [WD], 0.15 mm). The images were generated by first focusing on the monolayer of A549 using bright-field microscopy and then imaging on the FITC channel (excitation, 475 nm; emission, 523 nm) and Alexa 594 channel (excitation, 575 nm; emission, 625 nm). In order to quantify fluorescence intensity for adherent bacteria, microscopy stacks were split into the three channels: bright field, GFP, and RFP. Next, background signals were removed from the GFP and RFP channels by adjusting their thresholds in ImageJ. Arbitrary values (RFP, minimum 200; GFP, minimum 250) were chosen to remove background fluorescence while retaining signals from bacterial cells. This redefinition of threshold converted the channels into binary images. In each channel, the amount of signal was calculated by multiplying the mean signal value by the area. For each image, the ratio of the RFP to GFP channel was calculated by dividing the RFP signal by GFP signal. Images were modified for publication using softWoRx, version 6.1 (Applied Precision), and ImageJ.
(iv) Coincubation of S. pneumoniae and A549 for CFU counts. Coincubation of S. pneumoniae mutant strains with the lung epithelial cell line for CFU counting was performed similarly to the coincubation protocol for fluorescence imaging, except that A549 cells were plated on a 24-well plate. After 2 h of incubation, the supernatant was removed, and the cell layer was washed twice with PBS to remove nonadherent pneumococci. Trypsin-EDTA solution was added, and samples were incubated at 37°C for 5 min to dislodge the epithelial layer along with adherent S. pneumoniae. The suspension was centrifuged (at 1,400 ϫ g for 5 min) and resuspended in CϩY medium, diluted, and plated in 2% (vol/vol) blood Columbia agar. After incubation at 37°C overnight, colonies were counted manually. The data shown in Fig. 5B are a collection from three different experiments performed on different days. Statistical analysis was performed using an unpaired two-tailed t test (GraphPad Prism 6).
Studies of interactions between S. pneumoniae and neutrophils. (i) Growth and imaging conditions. On the day of the experiment, S. pneumoniae strains JWV500, MK119, MK127, and MK128 were inoculated from a plate and grown in CϩY medium until the OD 600 was 0.3. Bacteria were washed and resuspended in RPMI 1640 medium containing 25 mM HEPES, L-glutamine (Lonza Biowhittaker, Basel, Switerland), and 0.05% human serum albumin (HSA; Sanquin, Amsterdam, The Netherlands) (RPMI-HSA). Strain JWV500 was mixed 1:1 with strain MK128, and strain MK119 was mixed 1:1 with strain MK127. Bacteria were diluted in RPMI-HSA medium to a final concentration of 5 ϫ 10 6 bacteria/ml. Wells of an eight-well Lab-Tek II chambered cover glass (Thermo Scientific, Rochester, USA) were loaded with 200 l of RPMI-HSA medium containing the mixed S. pneumoniae strains. Subsequently, 5 ϫ 10 5 freshly isolated neutrophils (36) were added (MOI of 10) to the well, and imaging was started immediately while the neutrophils were settling at the cover glass bottom of the well. Microscopic image acquisition was performed using a Leica TSC SP5 inverted microscope equipped with an HCX PL APO 40ϫ 0.85 objective (Leica Microsystems, The Netherlands). The microscope was encased in a dark-environment chamber that was maintained at 37°C. The cells and bacteria were monitored for GFP (GFP ET filter cube), RFP (N21 filter cube), and bright field every 10 s. To create a time-lapse movie of the interaction between the neutrophils and the bacteria, the separate channels were combined and rendered as a time-lapse movie using Leica LAS AF software. Informed written consent was obtained from all donors and was provided in accordance with the Declaration of Helsinki. Approval was obtained from the medical ethics committee of the University Medical Center Utrecht (Utrecht, The Netherlands).
(ii) Flow cytometry. S. pneumoniae strains JWV500 and MK127 were grown as described above, and 5 ϫ 10 6 bacteria were mixed with 5 ϫ 10 5 freshly isolated neutrophils (MOI of 10) in the presence of 10% normal human pooled serum (15 donors) in a final volume of 100 l of RPMI-HSA medium. Phagocytosis was initiated at 37°C with shaking for 15 min and subsequently measured by flow cytometry (FACSCalibur; Becton Dickinson, San Jose, CA). Neutrophils were gated based on their forward and side scatter profiles, and the percentage of neutrophils positive for GFP was determined. Under these conditions both ingested bacteria as well as bacteria bound to the neutrophil surface are measured.
RESULTS
Generating brightly fluorescent strains of S. pneumoniae. Imaging of interactions between live pneumococci and host cells is a problem due to lack of sufficiently bright fluorescent strains. Recently, we have benchmarked a set of fluorescent proteins for the use as promoter fusions in S. pneumoniae (27; K. Beilharz, M. Kjos, R. van Raaphorst, and J.-W. Veening, submitted for publication). The brightest variants were a B. subtilis codon-optimized superfolder GFP, sfGFP(Bs), and an S. pneumoniae codon-optimized far-red fluorescent protein, mKate2 (27; Beilharz et al., submitted). While these reporters generated relatively good fluorescent signals when present as single copies stably integrated in the chromosome and driven by strong promoters, they were still not bright enough to be used in complex host-pathogen experiments in which high levels of experimental autofluorescence are present (data not shown). In general, untagged GFP is difficult to image because the fluorescence signal spreads through the entire cytoplasm by fast diffusion during the image acquisition time and is overwhelmed by cellular autofluorescence (37, 38) . To overcome this problem, we fused sfGFP(Bs) and mKate2 (here called gfp and rfp, respectively) to the 3= end of hlpA (SPD_0997), encoding the only known nucleoid binding protein in Streptococcus (39) , and stably integrated the fusions by double crossover in the pneumococcal chromosome at the hlpA locus (Fig. 1A) . Besides potentially limiting diffusion of the fluorescent proteins by localizing them to the nucleoid (see below), we have shown previously by highthroughput sequencing of RNA transcripts (RNA-Seq) that hlpA is highly transcribed (40) . The fusion constructs were integrated into the pathogenic encapsulated S. pneumoniae D39 genetic background (41) , resulting in strains JWV500 (HlpA-GFP) and MK119 (HlpA-RFP) (Fig.  1A) . Note that in strain MK119, the fusion gene is integrated as a second hlpA copy downstream of the native hlpA gene. As shown in Fig. 1B , the reporters displayed very bright, nucleoid localized fluorescence with an average maximum fluorescence 70-fold higher (for JWV500) or 35-fold higher (for MK119) than the strongest GFP and RFP reporters, respectively, from our other studies (27; Beilharz et al., submitted). In fact, we have recently shown that HlpA-RFP can be used as an accurate marker for the nucleoid (28, 40) . Importantly, the fluorescent signal remained high during growth and division, as shown by time-lapse microscopy (Fig. 1B) , demonstrating that the HlpA fusions are expressed and active at all stages of the S. pneumoniae cell cycle. HlpA is an essential gene in S. pneumoniae D39 (M. Kjos and J.-W. Veening, unpublished data), but no defects in cell morphology (Fig. 1B) or growth (Fig. 1C) were observed in these genetically labeled fluorescent strains, suggesting that the fusion and the chloramphenicol marker had no detrimental effect on hlpA or on downstream genes (the closest downstream gene is located Ͼ400 bp away from the construct). Finally, since the HlpA fusions are active in all growth phases, the level of fluorescence can also be used as a proxy for growth in these strains when a microtiter plate reader with appropriate filters is used (data not shown).
HlpA-GFP is efficiently translated and shows low cellular diffusion. To understand the underlying reason for the bright fluorescence of the HlpA fusions, we first checked if high transcription from the hlpA promoter is responsible. To test this, a construct was made where gfp was integrated downstream of hlpA on the same transcriptional unit and containing the same ribosomal binding site as hlpA, resulting in strain MK147 (Fig. 2A) . Quantification of the fluorescence signals from strains JWV500 and MK147 showed that the translational fusion was approximately 100-fold brighter than the promoter fusion strain (Fig.  2B ). This clearly demonstrated that the protein fusion is essential for the high fluorescence signal and that merely high levels of transcription cannot explain its brightness. Immunoblotting using anti-GFP antibodies further demonstrated that the HlpA-GFP protein level is significantly higher than that of GFP alone when they are expressed from the same promoter and the same ribosomal binding site (approximately 25-fold higher) (Fig. 2C) . Thus, the HlpA-GFP fusion provides high fluorescence signals, probably due to efficient translation, although it is possible that the transcript or fusion protein stability is also affected. Since HlpA is a nucleoid binding protein, the fluorescent signal from the protein fusion is concentrated on the nucleoids and not distributed across the whole cytoplasm (as in, for example, MK147), and this may also contribute to increasing the strength of the fluorescent signal. Indeed, fluorescence recovery after photobleaching (FRAP) experiments suggest that diffusion of HlpA-GFP is slower and less than that of cytoplasmic GFP ( Fig. 2D ; see also Fig. S1 in the supplemental material). Together, these results show that a C-terminal GFP fusion with HlpA is highly efficiently translated and localized to the nucleoid, leading to bright fluorescent signals.
Benchmarking cells expressing HlpA-GFP. To our knowledge, the only known published examples of GFP-labeled S. pneumoniae used for imaging host interactions are strains constitutively expressing GFP from a multicopy plasmid (plasmids named pGFP1 [21] and pMV158GFP [22, 42] ). The pGFP1-carrying strain was used to image S. pneumoniae in mouse bronco-epithelial cells (21) . We compared the fluorescent intensity of an S. pneumoniae strain carrying the pGFP1 plasmid (strain P92) with the HlpA-GFP fusion strain JWV500. Comparisons of fluorescent intensities showed that strain JWV500 displayed 25-fold stronger fluorescence than P92 ( Fig. 2A and B) . Immunoblotting showed that the protein level was approximately 10-fold lower in P92, despite the fact that GFP in this strain was expressed from a multicopy plasmid (Fig. 2C) . It should be noted that the GFP variant used in pGFP, GFPmut3 (43) , is probably less intrinsically bright than the one in JWV500, sfGFP(Bs) (27) . It is also worth noting that the heterogeneity in fluorescence signals between individual cells is larger in the pGFP-carrying strain than in those expressing GFP from the chromosome (Fig. 2B) (with a relative standard deviation, p /ϽpϾ, higher for P92 than for JWV500 and MK147). This may be caused by differences in the copy numbers of plas-mids inside the cells; however, other factors, such as poor GFP folding, may also contribute to such heterogeneity (30) . Taken together, the fluorescent and genetic properties of HlpA-GFPexpressing S. pneumoniae are superior to the system previously described.
GFP-expressing S. pneumoniae cells are fully virulent and can be localized in mouse lung tissue. Given the favorable in vitro properties of the constructs described above, we wanted to check whether these strains were virulent and to test whether they were also suitable for imaging in an in vivo animal model. Mice were challenged intranasally with PBS (mock treatment), the unlabeled parental D39 strain, or the HlpA-GFP strain, and disease signs and survival time were followed (Fig. 3) . All mice showed clear signs of illness (starry coat and hunched appearance), and there was no significant difference in pathogenesis between unlabeled and labeled bacteria ( Fig. 3; see also Fig. S2 in the supplemental material). To limit the number of sacrificed mice, only two mice were infected with the HlpA-RFP strain, and both developed disease similar to that caused by the parental unlabeled strain (data not shown). Lung tissue sections taken from mice infected for 48 h were investigated by three-dimensional (3D) wide-field microscopy, and highly fluorescent pneumococci, with strong homogenous signals, were readily identified within bronchial epithelial cells when the HlpA-GFP strain was used (Fig. 4) . We were not able to detect red fluorescent pneumococci when HlpA-RFP was used. Possibly, the histology fixation procedure abolishes the red fluorescence signal, or the HlpA-RFP is unstable under these conditions since bacteria isolated from infected mice displayed strong red fluorescence when recultured in vitro (data not shown). Optimization of the fixation and embedding protocol may therefore help to overcome this problem. It is also possible that the low level of O 2 in the tissue does not allow proper folding and maturation of RFP. In any case, these experiments demonstrate that HlpA-GFP is an excellent reporter that can be used for in vivo tracing of pneumococcal disease pathogenesis.
Unencapsulated bacteria adhere more efficiently than encapsulated bacteria: imaging the interactions between S. pneumoniae and human epithelial cells. The exopolysaccharide capsule is a major virulence factor in S. pneumoniae and is important at several stages of infection (8, (44) (45) (46) . We wanted to test whether our reporters could be used to directly image the impact of the capsule on different stages of the infection process. First, to study 6 CFU of S. pneumoniae JWV500 (hlpA-gfp) suspended in 50 l of PBS. For each of the bacterial strains, 10 mice were infected. PBS (50 l) without bacteria was used as a negative control (n ϭ 5). The experiment was ended after 168 h. There were no significant differences in survival rates between the wild-type and JWV500 strains (P Ͼ 0.05 with a log rank test and Gehan-Breslow-Wilcoxon test). how the capsule affects cell adhesion in a human infection model, we cultured A549 (ATCC CCL-185) type II human lung carcinoma epithelial cells and imaged the adhesion of S. pneumoniae by a dual-color experiment (Fig. 5A) . To do so, we introduced a capsule mutation in both the HlpA-GFP and HlpA-RFP reporter strains. The capsule mutation introduced was ⌬cps2E (here designated ⌬cps) which has been used in other studies (29, 47) and has been shown to produce capsule-deficient cells. Next, we performed competition of bacterial adherence between HlpA-GFP (strain JWV500) and a ⌬cps strain expressing HlpA-RFP (⌬cps/ HlpA-RFP; MK128) or between HlpA-RFP (MK119) and a ⌬cps/ HlpA-GFP (MK127) strain and added them to a confluent A549 monolayer (Fig. 5A ) at an MOI (multiplicity of infection) of 10 (10 bacteria to 1 human cell). Traditional plating assays showed an increased propensity of unencapsulated reporter strains to adhere to A549 cells (Fig. 5B) . Live-cell imaging showed that already after 2 h, only capsule mutants adhere efficiently to the human epithelial cells (Fig. 5C to J) . By quantifying the fluorescence intensity of adhered bacteria, we found that the ratio between RFP and GFP signals of the ⌬cps/HlpA-RFP and HlpA-GFP strains ( Fig. 5D and E) was 230 (average ratio of three analyzed images), which closely corresponds to the result of traditional CFU counting (Fig. 5B ) that showed a 2-log increase of mutant capsule adherence compared to encapsulated strain. Furthermore, a similar ratio of fluorescence intensity between GFP and RFP (360; average of two analyzed images) was found for the ⌬cps/HlpA-GFP and HlpA-RFP strains (Fig. 4I and J) . This single experiment provides direct evidence in live cells that the capsule limits pneumococcal adherence to the host cells and is fully in line with reports in the literature (8, (44) (45) (46) .
The capsule protects S. pneumoniae against phagocytosis: imaging of pneumococcal interactions with human neutrophils. While the above-mentioned experiments clearly show that unencapsulated strains adhere more efficiently to human cells, it was previously shown using elegant biochemical and immunological experiments that the capsule protects the pneumococci from recognition of the human immune system (3, 4, 38) . To examine this conundrum in more detail, we tested whether our reporter strains could be used to directly visualize encapsulated and unencapsulated pneumococci in the presence of human neutrophils in a dual-color experiment. We mixed the encapsulated and unencapsulated fluorescently labeled pneumococci as described above with human neutrophils in the presence of 10% human serum and performed time-lapse microscopy. As shown in Fig. 6A and Movie S1 in the supplemental material, human neutrophils specifically moved to and phagocytosed unencapsulated pneumococci but not encapsulated cells. Our reporter strains are also bright enough to be used in flow cytometry. Based on sorting of neutrophils after phagocytosis, we could show that the capsule mutant was more efficiently phagocytosed than encapsulated cells (Fig. 6B) . These results clearly demonstrate the protective effect of the capsule on phagocytosis by human neutrophils. Furthermore, this is further a confluent monolayer of A549, a type II lung epithelial cell line, was imaged using wide-field epifluorescence microscopy. Imaging was performed at 2 h postcoincubation. (A) Schematic overview of the coincubation system, which involves an equimolar mixture of encapsulated and unencapsulated S. pneumoniae strains expressing different fluorescent proteins, on an epithelial A549 monolayer. (B) Classical adherence assay: enumeration of pneumococcal CFU that adhere to A549 2 h after coincubation. The unencapsulated reporter strain, MK128, showed a significantly (P Ͻ 0.01) higher propensity to adhere to the lung cell line (7.92 ϫ 10 6 CFU/well) than to the encapsulated JWV500 reporter strain (average, 6.54 ϫ 10 4 CFU/well). The adhesion assays were performed with three biological replicates. Panels C to L show the adherence of mixtures of encapsulated and unencapsulated S. pneumoniae reporter strains to human A549 cells, as follows: bright-field micrographs of A549 monolayers (C and H), GFP micrographs (D and I), RFP micrographs (E and J), merged images (F and K), enlarged images of the boxed regions in panels F and K, respectively (G and L). Arrowheads point to encapsulated pneumococci adhering to A549 cells.
proof that the described fluorescent markers for both GFP and RFP are bright enough to be visualized inside eukaryotic cells.
DISCUSSION
Bacterial strains appropriate for fluorescent live-cell imaging in vivo should meet certain criteria to function optimally for this purpose. Most important, the fluorescence signal should be sufficiently bright to distinguish the bacterial cells from the background fluorescence. The fluorescence signal should also be stable, preferably not fade during the course of the experiment, and show low cell-to-cell variability. Furthermore, the labeled strains should be genetically similar to the original strain to faithfully reflect the pathogenesis cycle. By stably integrating genes expressing fusions of the brightest available GFP [sfGFP(Bs)] (27) or RFP (mKate2) (Beilharz et al., submitted) in S. pneumoniae to the nucleoid binding protein HlpA, we generated intensely fluorescent strains which were 25-fold brighter than the best known GFPexpressing strain used hitherto for in vivo imaging (21) . The bright fluorescence is caused by high and stable levels of the fusion protein HlpA-GFP compared to nonfused GFP, as well as by limited diffusion due to binding of HlpA-GFP to the nucleoid (Fig. 2) . Also important, HlpA is highly conserved at the DNA-sequence level and present in all S. pneumoniae strains sequenced so far (data not shown); thus, the reporters can straightforwardly be transferred to different medically relevant transformable pneumococcal strains. The principle presented here of fusing fluorescent proteins to nucleoid binding proteins to obtain highly fluorescent bacterial cells suitable for in vivo and in vitro studies should be generally applicable and be of particular use for other bacterial species when obtaining bright enough cells for live cell imaging is a challenge.
Our novel, brightly fluorescent strains were fully virulent in a mouse model, and pneumococci labeled with HlpA-GFP could readily be detected in infected mouse lung tissue ( Fig. 3 and 4 ; see also Fig. S2 in the supplemental material) . Notably, the signal-tonoise ratio of HlpA-GFP cells within infected mouse tissue is high enough that even regular wide-field epifluorescence can be used for imaging, without the need for expensive laser-based confocal pneumoniae strains by human neutrophils was imaged using wide-field epifluorescence microscopy. Both encapsulated and unencapsulated strains were labeled with either GFP or RFP and mixed in a 1:1 ratio before neutrophils were added and phagocytosis was allowed to occur. Neutrophils efficiently phagocytose the ⌬cpsE strains, whereas wild-type bacteria with capsule are not taken up. Scale bar, 50 m. The bright GFP signals from S. pneumoniae also allow sorting of phagocytosing neutrophils from nonphagocytosing neutrophils by flow cytometry (I and J); the ⌬cpsE strain is phagocytosed much more efficiently than the encapsulated strain.
fluorescence microscopy. Use of the HlpA-GFP-labeled strain will thus simplify the detection of S. pneumoniae during mouse infection experiments.
We used our fluorescently labeled pneumococci to directly image different stages of pneumococcal infection using live cells. To study adhesion to the epithelial layer, which is important for the initial stages of infection, we used A549 (ATCC CCL-185) type II human lung carcinoma epithelial cells. A549 has been used extensively to elucidate bacterial adherence and invasion to the host (48) , and the pneumococcal coincubation model has been successfully used to identify essential host-pathogen virulence factors, including PsaA (49), PavA (50) , and PspC (51). We could confirm and demonstrate that the exopolysaccharide capsule inhibits adhesion of S. pneumoniae to human epithelial cells and thus also the infection process (Fig. 5) . This result is in line with a study of Hammerschmidt et al. (52) , where fixed samples of pneumococci and the A549 cell line were used for electron microscopy to show that pneumococci adhering to the human host have reduced levels of capsule. Possibly, the capsule covers crucial pneumococcal adhesion-mediating surface proteins that are otherwise exposed on the bacterial cell surface (45, 52) , and this might also partly explain the success of colonization of nontypeable strains within human populations (9) .
While the capsule is disadvantageous for adhesion to host cells, it is highly advantageous and necessary for pneumococcal evasion of the host immune system. For example, the capsule protects pneumococci against mucus-mediated clearing in the very early stages of infection since unencapsulated bacteria agglutinate within mucus (44) . Using dual-color strains, we were able to image in real time the protective function of the capsule against phagocytosis by human neutrophils (Fig. 6 ). This protection may be mediated by sterically hindering the neutrophils or by blocking of complement binding proteins (4, 7, 45, 53) .
By the use of relatively straightforward imaging approaches, this work, for the first time, uses live-cell imaging to demonstrate the opposing attributes of the pneumococcal capsule at different stages of infection. These results confirm that regulation of capsule production is critical for colonization of S. pneumoniae within the human host. The presence of such regulation is reflected by the observation of phase variation of pneumococci (8, 54) , and studies suggest that little capsule is produced when pneumococci are in contact with the epithelial cell layer (52) . However, the mode of regulation remains to be further unraveled, and a number of genes and environmental factors seem to be important (45, (54) (55) (56) (57) . The imaging tools used in this work will pave the way for new types of experiments which will help further our knowledge on the pathogenesis of the pneumococcus.
